The amino acid sequence of bovine heart mitochondrial coupling factor 6 (F6) has been determined by automated Edman degradation of the whole protein and derived peptides. Preparations based on heat precipitation and ethanol extraction showed allotypic variation at three positions while material further purified by HPLC yielded only one sequence that also differed by a Phe-Thr replacement at residue 62. The mature protein contains 76 amino acids with a calculated molecular weight of 9006 and a pI of =5, in good agreement with experimentally measured values. The charged amino acids are mainly clustered at the termini and in one section in the middle; these three polar segments are separated by two segments relatively rich in nonpolar residues. Chou-Fasman analysis suggests three stretches of a-helix coinciding (or within) the high-charge-density sequences with a single fl-turn at the first polar-nonpolar junction. Comparison of the F6 sequence with those of other proteins did not reveal any homologous structures.
The assemblage of components required for phosphorylation coupled to oxidation in mitochondria can be conveniently separated into two main classes: integral and peripheral, termed collectively coupling factors, which are identified by various direct or reconstitution assays (1, 2) . Coupling factor 1 (F1) restores oxidative phosphorylation when added to submitochondrial particles (3) and retains ATPase activity in the isolated state (4) , while factor B, a protein of =15 kDa (5) , stimulates the 32P1-ATP exchange reaction and the ATPdriven NAD+ reduction by succinate in particles made deficient for this factor by treatment with ammonia and EDTA (6) . It represents a more highly purified form of coupling factor 2 (F2).
Two additional soluble factors, one that confers oligomycin sensitivity and one that stimulates 32Pi-ATP exchange in silicotungstate-treated submitochondrial particles, have also been described. The first of these, originally identified by Bulos and Racker (7) as sensitivity-conferral factor (F,) and by MacLennan and Tzagoloff (8) as oligomycin-sensitivityconferral protein, has been sequenced recently (9) . Knowles et al. (10) recognized a second factor, Fc2, distinct from oligomycin-sensitivity-conferral factor (which they termed Fcl), that was highly similar to the coupling factor 6 (F6) isolated by Fessenden-Raden (11) and showed that it restored the ability of submitochondrial particles treated with urea, trypsin, and sonic oscillation at alkaline pH (TUA particles) and then with silicotungstate to bind F1-ATPase. Kan- ner et al. (12) subsequently reported a simplified isolation procedure for F6 that produced apparently homogeneous material as judged by urea/NaDodSO4 gel electrophoresis. It had a molecular weight of 8000, was heat stable, and was highly sensitive to trypsin (10) (11) (12) . In this article, we report the complete amino acid sequence of F6, including the identification of two major variants. HPLC, introduced as a final purification step, resolved the two major as well as several minor forms, identified by additional sequence variations.
MATERIALS AND METHODS
Materials. Diphenylcarbamoyl chloride-treated trypsin and carboxypeptidase Y were obtained from Sigma. Dimethylaminoazobenzene isothiocyanate was obtained from Fluka. Reagents and solvents for the spinning-cup sequencer were obtained from Beckman and those for the gas-phase instrument were from Applied Biosystems (Foster City, CA). HPLC solvents were purchased from Fisher.
Preparation of F6. F6 was prepared by the method of Kanner et al. (12) . Some preparations were further purified by reversed-phase HPLC using a C4 column (Vydac). Samples (250 ,g of F6 in 250 ,ul of H20) were applied to the column (0.4 x 30 cm) and developed at 1 ml/hr with a linear gradient of 1% trifluoroacetic acid and acetonitrile (ranging from 25% to 50% acetonitrile) at room temperature. The eluate was monitored by absorbance at 225 nm.
Enzymatic and Chemical Reactions. F6 was treated with maleic anhydride as described by Butler and Hartley (13) . Cyanogen bromide cleavage was carried out essentially as described by Thomas et al. (14) . F6 Only the peptides that provide unique information are shown tion preparations. The amino acid compositions of these in either case. To distinguish the whole protein analyses, the fragments (except CN-3, which was sequenced as an unfracdata for the HPLC-purified sample is denoted F61. As tionated mixture) are given in Table 1 .
shown, tryptic peptides (Tp) were obtained solely from F61
Nearly complete sequence data were obtained for both while only maleoylated tryptic peptides (MTp) and CNBr preparations. The structure of F61 was provided by gasfragments (CN) were used in analysis of the ethanol-extracphase sequencer analysis of the whole protein (46 cycles) Chou-Fasman profiles of (turn (Top), 13sheet (Middle), and a-helix (Bottom) potentials for bovine F6. The ordinate in each case represents an arbitrary scale, determined as described by Chou and Fasman (17) , and the solid lines, average values for each potential (or probability), determined in a similar fashion. The one-letter code for amino acids is given in Fig. 2. and two tryptic peptides (Tp 11/12 and Tp 12), which gave overlapping sequences corresponding to residues 53-76 (Fig.  2) . The quantitative data for these analyses are given in Table 2. The sequence of the intervening residues (nos. 47-52) was actually provided by MTp5, a peptide isolated from the other preparations (12) . The identity of this sequence with that in F61 is suggested by the composition of Tp 10, whose production by trypsin is consistent with the lysine assignments at positions 47 and 52 and the blocked NH2-terminus (data not shown) resulting from the cyclization of the glutamine residue at position 48. The carboxyl-terminal serine residue of the whole protein was confirmed in both F6 and F6' preparations by carboxypeptidase Y digestion.
The sequence data for the F6 obtained by the ethanol-extraction protocol (12) is less complete and showed some variability. Residues 32-41 and 73-74 were unassigned although compositional data for MTp4 is consistent with the sequence shown ( Figs. 1 and 2 ). Sequencer analyses of MTp5 and CN-3 ( Fig. 2) showed only threonine at position 62 in contrast to the phenylalanine found in F61. This difference probably re- flects an allotypic variation. Three additional loci characterized by significant amounts of glutamic acid, proline, and glutamic acid were found at residues 28, 63, and 67, respectively (denoted by asterisks in Fig. 2 ). Additional allotypic variants may also be found in the two unsequenced regions; thus it is not possible from these data to ascertain how many major and minor variants exist. The allotypic variation observed is consistent with the observations of Fessenden-Raden (11), who also found "isoproteins" with F6 activity. She identified two major peaks by preparative gel electrophoresis, each of which displayed a distinct shoulder. Density-gradient isoelectric focusing of each peak showed multiple peaks of F6 activity and several similar bands were observed by analytical gel electrophoresis. Only the major peak on HPLC (eluting at approximately 35% acetonitrile) was characterized in our experiments. Several minor and a large breakthrough peak (approximately equal in absorbance to the main peak) were also observed. Of those analyzed, most showed amino acid compositions similar to F61 and undoubtedly represent minor forms of the protein. Although the Thr-62 form was not located specifically in the HPLC eluate, it would be expected among the earlier peaks.
The amino acid composition of both preparations, as determined from acid hydrolysates, is given in Table 1 . Although in reasonable agreement with that calculated from the sequence, both show significant variations in a number of residues. These differences may reflect the allotypism noted; they may also indicate that, even after HPLC purification, some non-F6 material remains in the samples. If the latter is correct, the contaminants must be composed of several minor sequences (or contain blocked amino termini) since they were not detected in either whole protein or peptide sequence analyses.
The sequence of F61 (Fig. 1 ) yields a molecular weight of 9006, a value slightly higher than the 8000 predicted from gel analyses (12) but within the error expected for such determinations in that molecular weight range. The protein is devoid of histidine, half-cystine, and tryptophan, as judged by both sequence and compositional analyses. Neutrality is calculated to occur at pH -5, in agreement with the pI of 4.9 reported for the major peak of an impure preparation by isoelectric .fqcusing (11) . The charged side chains are concentrated in both the amino-and carboxyl-terminal regions (11/22 and 6/13 plus the a-amino and carboxyl groups, respectively).
There is one internal segment (residues 38-47) of high charge density (6/10) as well. The two intervening segments (residues 23-37 and 48-63) are, not unexpectedly, enriched in nonpolar amino acids and may contribute to membrane binding or the unusual alcohol solubility of F6.
A secondary structure prediction profile, based on the procedure of Chou and Fasman (17) , is shown in Fig. 3 . In each case, the solid horizontal line represents an arbitrary average for the probability of each structure occurring at that residue. By this analysis the protein contains little ,B-sheet and only one likely (3-turn (residues 23-25). There are three (or four) regions with favorable helical potentials. The first extends from Val-7 to Ile-15, the second from Glu-34 to Lys-47, and the third from Asn-60 to Glu-72. The last a-helix proposed contains a proline in the middle, which would minimally cause a bend and more likely would produce two distinct structures. These proposed substructures have been incorporated schematically in the sequence projection of Fig. 1 . Interestingly, the proposed helices and 83-turn are in concert with the polar/nonpolar segments. In each case, the helices overlay or coincide with one of the high-charge-density regions and the (-turn terminates the first highly polar segment. The two nonpolar sequences separate the (3-turn and middle helix and the middle and carboxyl-terminal helices, respectively.
A computer-assisted scan (18) of existing sequence data did not reveal a close structural relationship with any of the listed proteins. In addition, a detailed comparison with OSCP (9) and known sequences of the subunits of the Escherichia coli complex (19) revealed no significant homologies. However, short segments of similarity were found between residues 10-33 and 50-57 of F6 and bovine mitochondrial hypothetical proteins 1 and 5 (20) , respectively. While these pairings are of interest it is unlikely that they represent any functional or structural homology of significance. Thus, F6 appears unique among protein sequences currently known.
